ABSTRACT PURPOSE: To study the factors that correlate with improved best spectacle-corrected visual acuity (BSCVA) after LASIK.
RESULTS: Postoperatively, the mean sphere was Ϫ0.44Ϯ1.30 D (range: Ϫ4.50 to ϩ2.50 D). The mean increase in BSCVA was 0.15Ϯ0.09 logMAR. A statistically signifi cant negative correlation was observed between the increase in BSCVA and the preoperative BSCVA (PϽ.01). Mixed astigmatic and highly myopic eyes are more likely to gain BSCVA after LASIK than moderately myopic (PϽ.05) and hyperopic eyes (PϽ.001). In patients with myopia, the amount of BSCVA improvement correlated with the magnitude of the correction (PϽ.05). The induction of spherical aberration negatively correlated with the increase in BSCVA (PϽ.05). There were no signifi cant differences between normal eyes and amblyopic eyes with respect to postoperative improvement in BSCVA (PϾ.05).
CONCLUSIONS: Decreased preoperative BSCVA, lower total spherical aberration induction, and preoperative mixed astigmatism and high myopia correlate with an increase in BSCVA after LASIK. [J Refract Surg. 2006;22: S1056-S1068.] L aser in situ keratomileusis (LASIK) is the most popular laser refractive surgery technique for the correction of refractive errors. 1 The primary goal of laser refractive surgery is to increase uncorrected visual acuity (UCVA) by correcting the refractive error. Although best spectacle-corrected visual acuity (BSCVA) usually does not change signifi cantly, sometimes an increase in BSCVA can be observed after laser refractive surgery. [2] [3] [4] [5] [6] [7] [8] [9] Amblyopia is defi ned as BSCVA Ͻ20/30 in one eye or a two-line difference between eyes in the absence of other visible signs of eye disease. 10 Recently, a number of studies have reported statistically signifi cant improvement in postoperative BSCVA in amblyopic eyes after excimer laser refractive surgery. [11] [12] [13] [14] [15] The reasons for this increase in BSCVA postoperatively are not clear. Improvement in the precision of the refractive correction and improvement in neurosensory function are possible contributing factors to this improvement in BSCVA. 6 Changes in pupil size, corneal asphericity, and higher order aberrations may also affect the optical quality of the eye and consequently the quality of the retinal image. [16] [17] [18] Understanding these factors and their differences with regard to the presence of amblyopia and different ablation patterns (myopic, hyperopic, astigmatic, and bitoric) is important for improving the optical quality of future corneal excimer laser surgery.
The primary goal of this study was to assess the relationship between any changes in BSCVA and the refractive error, corneal asphericity, and wavefront aberrations after LASIK. A secondary goal was to compare the outcomes between eyes with and without amblyopia with respect to improvement in BSCVA.
PATIENTS AND METHODS

PATIENT POPULATION
This prospective study evaluated 72 eyes from 43 patients (18 men and 25 women) who demonstrated a BSCVA in-Increased BSCVA After LASIK/Erdem & Muftuoglu crease of a total population of 850 eyes from 480 patients who underwent LASIK. Criteria for inclusion in the study were age у18 years, documented stability of refraction for 6 months before surgery, availability of preoperative and 6-month postoperative Optical Path Difference Scan (OPD-Scan; NIDEK Co Ltd, Gamagori, Japan) maps within the central 6.0-mm zone, no intra-or postoperative complications, and patients who did not require retreatments. Exclusion criteria were previous refractive surgery, evidence or suspicion of keratoconus as shown by corneal topography, active ocular or systemic disease likely to affect corneal wound healing, pregnant and nursing women, inability to comply with postoperative follow-up regimen, eyes with any intraoperative diffi culties such as fl ap irregularities, and postoperative complications such as recurrent epithelial defects. All patients signed an informed consent before the surgery. Institutional review board approval was obtained for the study.
SURGICAL PROCEDURE
All procedures were performed by one surgeon (U.E.), using the same surgical technique. The NIDEK Advanced Vision Excimer Laser (NAVEX) platform was used for all treatments. NAVEX consists of the NIDEK CXII excimer laser system, Final Fit ablation planning software, OPD-Scan, and the MK-2000 microkeratome. A 9.50-mm-diameter suction ring and 130-µm blade holder were used to create nasal hinges in all patients. All laser refractive surgeries were performed under stringently controlled conditions using the NIDEK CXII excimer laser equipped with a 200-Hz infrared eye tracker. The mean optical zone was 5.83Ϯ0.69 mm and the mean transition zone was 8.72Ϯ0.45 mm for all treatments. The optimized aspheric treatment zone (OATz) or the customized aspheric treatment zone (CATz) software was used for the treatment of myopic eyes. The NAVEX system consists of seven profi les for the transition zone to maintain a prolate corneal shape postoperatively. Profi le 4 was used for high myopic treatments, and profi les 4 to 6 were used for the other myopic ablations. The Chayet bitoric ablation nomogram originally developed for the NIDEK excimer laser was used for the correction of all cases of mixed astigmatism. 3 The excimer laser repetition rate was 40 Hz, and the laser energy per pulse was between 105 and 135 mJ. Before every treatment, fl uence and calibration were checked using calibration plates provided by the manufacturer. The postoperative eye drop regimen included topical ofl oxacin 0.3%, prednisolone acetate 1%, and artifi cial tears. Patients were seen at 1 day, 1 week, and 1, 2, and 6 months postoperatively.
PATIENT EXAMINATION
All patients underwent a baseline examination that included UCVA and BSCVA evaluation, manifest and cycloplegic refractometry, slit-lamp evaluation, ultrasound pachymetry and corneal topography, and wavefront measurement using the OPD-Scan. Measurements of mesopic and photopic pupil diameter; average central keratometry (K) and the difference between the major corneal meridians K2 and K1 (dK); asphericity (Q) derived for the 6.0-mm corneal region; and OPD wavefront refraction root-mean-square (RMS) values at 3 mm (RMS-3) and 5 mm (RMS-5) were recorded, and wavefront aberrations were recorded from the OPD-Scan preoperatively and at their last visit. The OPD RMS values represent the distribution of refractive power caused by all aberrations of the eye. The higher this value, the more likely that there is irregular astigmatism or high levels of wavefront aberration within the optical system that could reduce visual quality. Normal levels of RMS-3 and RMS-5 are р0.5 D. The pre-and postoperative UCVA and BSCVA were recorded in logMAR units, which were calculated by taking the negative log value of the decimal Snellen visual acuity.
DATA AND STATISTICAL ANALYSIS
Vector Analysis. Vectorial analysis proposed by Thibos and Horner was used to convert spherocylindrical refractive errors (S [sphere], C [cylinder] ϫ ϕ [axis]) into a set of three dioptric powers: M, J 0 , J 45 , by the following formulas 19 :
where M denotes the spherical equivalent refraction, B denotes the overall blur strength of the refractive error, C denotes mean cylinder, J 45 denotes the power of the Jackson Cross Cylinder at axis 45º, and J 0 denotes the power of the Jackson Cross Cylinder at axis 180º. This mathematical approach has the advantage that astigmatism is represented in rectangular vector form, allowing statistical analysis to be applied to each component separately (orthogonality) and test hypotheses.
2,19
Analysis of Wavefront Aberrations. Three successive measurements were taken with the OPD-Scan wavefront analyzer. The analyzed parameters included: 1) RMS of higher order aberrations from the third to eighth orders; 2) RMS of the total spherical aberration (square root , and C 7 1 ); 4) RMS of total trefoil (square root of the sum of the squared coeffi cients of C Statistical Analysis. All data were analyzed using the SPSS version 11.0 (SPSS Inc, Chicago, Ill) statistical software. Normality of data in each group was confi rmed by normal probability plots. Paired t test for parametric data and Wilcoxon signed ranks test for nonparametric data were used to analyze each parameter before and after laser refractive surgery. The Mann-Whitney U test and Kruskal-Wallis test were used to compare parameters between groups. Multiple comparison test was used to compare differences among parameters of more than two when there was signifi cance using the Kruskal-Wallis test. 20 The association between ⌬BSCVA and the clinical outcomes were tested using Spearman rank correlation (for nonparametric data) and Pearson correlation and regression analysis (for parametric data). A P value Ͻ.05 was considered statistically signifi cant.
RESULTS
The mean age of the patients with improved BSCVA was 30.8Ϯ7.2 years (range: 21 to 53 years). In this group, there were 22 eyes with amblyopia from 18 patients and 50 eyes without amblyopia from 25 patients. Classifi cation of eyes based on the preoperative refraction and presence of amblyopia is shown Table 1 . Ten eyes from 10 patients had anisometropic amblyopia; 3 eyes of 2 patients had ametropic amblyopia; 2 eyes of 1 patient had meridional amblyopia; 2 eyes of 2 patients had ametropic and anisometropic amblyopia; and 5 eyes of 3 patients had anisometropic and meridional amblyopia.
VISION
The mean BSCVA was 0.17Ϯ0.15 (range: Ϫ0.04 to 0.58) before surgery and 0.01Ϯ0.13 (range: Ϫ0.20 to 0.40) after surgery. The mean UCVA was 0.99Ϯ0.45 (range: 0.06 to 1.80) before surgery and 0.12Ϯ0.21 (range: Ϫ0.17 to 1.00) after surgery. There was a statistically signifi cant increase in BSCVA (PϽ.001) and UCVA (PϽ.001) 6 months after surgery.
REFRACTIVE STATUS
Preoperatively, the mean spherical equivalent refraction was Ϫ3. Table 2 shows the mean pre-and postoperative refractive status in eyes with and without amblyopia, and Table 3 shows the mean pre-and postoperative re- 
, where C = mean cylinder. Figure 1 . Analyzed separately, each group showed statistically signifi cant changes in asphericity after surgery. Postoperatively, corneal asphericity became more prolate in mixed astigmatism, whereas it became more oblate in myopia (see Fig 1) .
ABERRATIONS
The mean preoperative RMS-3 and RMS-5 were 0.26Ϯ0.14 D (range: 0. There was a statistically signifi cant increase in RMS-3 (PϽ.001) and RMS-5 (PϽ.001) and a statistically significant decrease in total wavefront aberration (PϽ.001) 6 months after surgery.
The mean pre-and postoperative higher order aberrations and Zernike terms are shown in Table 4 . The mean total wavefront aberration/higher order aberration ratio was 9Ϯ6% preoperatively and 38Ϯ13%, postoperatively. The mean pre-and postoperative higher order aberrations and individual Zernike terms in amblyopia, healthy eyes, and each group (high myopia, moderate myopia, hyperopia, and mixed astigmatism) are shown in Figure 2 .
COMPARISON OF MYOPIA, HYPEROPIA, AND MIXED ASTIGMATISM GROUPS
The comparison of change in data (∆data) in amblyopia and healthy eyes and in each refractive group is presented in Tables 5 and 6 , respectively. There was no signifi cant change in any of the variables investigated, including change in BSCVA, between the amblyopic and normal groups ( Table 5) .
The mean increase in BSCVA (∆BSCVA) was signifi cantly higher in both mixed astigmatism and high myopia compared with moderate myopia (PϽ.05) and hyperopia (PϽ.001) ( Table 6 ). The mean increase in BSCVA in hyperopia was signifi cantly lower than in moderate myopia (PϽ.05). The mean increase in BSCVA in mixed astigmatism was higher than in high myopia without statistical signifi cance (P=.856, multiple comparison test) ( Table 6 ). A statistically signifi cant negative correlation was observed between the increase in BSCVA and the preoperative BSCVA (PϽ.01).
CORRELATIONS
The correlations between ∆BSCVA and age, BSCVA preop , ∆M, ∆B, ∆J 0 , ∆J 45 , ∆Q, and ∆K are plotted in Figure 3 .
The correlations between ∆BSCVA and ∆total wavefront aberration, ∆higher order aberration, and individual Zernike terms are plotted in Figure 4 . Correlations Figure 2 . Pre-and postoperative higher order aberrations and individual Zernike terms for the A) entire cohort and in B) healthy eyes (no amblyopia), C) amblyopia, D) high myopia (SE ϽϪ7.00 D), E) moderate myopia (Ϫ7.00ϽSEϽ0), F) hyperopia, and G) mixed astigmatism. All aberrations were measured out to the eight order for a 6-mm pupil size. HOA = higher order aberration, TCA = total coma, T3F = total trefoil, T4F= total tretrafoil, TSA = total spherical aberration, THiA = total high order astigmatism G 
BSCVA = best spectacle-corrected visual acuity, TWA = total wavefront aberrations, K = corneal power, dK = difference in keratometry, Q = asphericity value, RMS-3 = wavefront refraction root-mean-square of total aberrations in 3-mm zone, RMS-5 = wavefront refraction root-mean-square of total aberrations in 5-mm zone Note. Negative values of ⌬BSCVA indicate increase in BSCVA (logMAR). *All values are represented as meanϮstandard deviation.
†Mann-Whitney U test. Increased BSCVA After LASIK/Erdem & Muftuoglu between ∆BSCVA and ∆data for each of the myopia, hyperopia, and mixed astigmatism groups are shown in Table 7 . In myopia, the amount of BSCVA improvement was correlated with the magnitude of the correction (PϽ.05). The induction of spherical aberration was negatively correlated with the increase in BSCVA (PϽ.05).
DISCUSSION
The increase of BSCVA after laser refractive surgery is reported to be between 0% and 67%. [2] [3] [4] [5] [6] [7] [8] [9] This variability may be due to differing patient groups, preoperative refractions, surgical techniques, and microkeratomes and lasers in the studies. In a large series of 300 consecutive myopic eyes, Maldonado-Bas and Onnis 4 observed that BSCVA increase was more likely in eyes with higher preoperative refractive error. However, most studies of refractive surgery primarily report the effi cacy and safety of the procedure. Therefore, the presence of amblyopia, the magnitude of the increase in BSCVA, and the cause of this increase are often not investigated.
The results of studies that reported an increase in BSCVA after LASIK in pediatric patients with amblyopia were often suboptimal, because the patients are often unable to fi xate. 14, 21 Although it is commonly accepted that preventive therapy for amblyopia is effective until 8 to 11 years of age, 14 there are reports of BSCVA increase after LASIK in autofi xating adolescent and adult patients with amblyopia. 11, 12 Lanza et al 6 reported results of photorefractive keratectomy in 38 eyes from 36 adult patients with amblyopia comprised mostly (30 of 38 eyes) of compound myopic astigmatism and only 2 eyes with hyperopia. 6 Although not statistically signifi cant, they observed a tendency of greater BSCVA improvement in younger patients, in eyes that were closer to emmetropia, and in eyes that have accurate astigmatic correction. 6 In the present study, a statistically signifi cant correlation between ∆BSCVA and preoperative BSCVA was found. This implies that patients with worse preoperative BSCVA have more reserve visual capacity. There was no signifi cant correlation found between the increase in BSCVA and age. However, there was a tendency toward greater BSCVA increase in younger patients. Although a signifi cant correlation between increase in BSCVA and the amount of correction (∆B, ∆total wavefront aberration, ∆K) was not observed, there were signifi cant correlations between ∆BSCVA and ∆B, ∆total wavefront aberration, and ∆K in myopia and signifi cant correlation between ∆BSCVA and ∆total wavefront aberration in hyperopia. However, no such correlation was noted in mixed astigmatism. This suggests that BSCVA increase is related to the magnitude of correction in myopia and aberration correction in hyperopia but not in mixed astigmatism. A signifi cant correlation was not Increased BSCVA After LASIK/Erdem & Muftuoglu found between the increase in BSCVA and accurate astigmatic correction (∆J 45 , ∆J 0 , ∆dK) in all eyes and also within each refraction group. The corneal asphericity (Q value) in the conic equation has been used to describe the corneal surface. 16 Myopic, hyperopic, and astigmatism ablation profi les are different with respect to the ablation pattern and the effect on corneal asphericity. 2, 22, 23 In this study, although preoperatively the corneal asphericity was the worst for mixed astigmatism, the corneal asphericity improved after bitoric astigmatism correction, whereas it worsened after myopic and hyperopic corrections despite better preoperative asphericities. As in the current study, previous studies have reported that the corneal asphericity was worse after myopic and hyperopic corrections. 22, 23 This shows that the bitoric ablation corrects the corneal refractive errors and improves asphericity for patients with mixed astigmatism. Hyperopic and myopic ablation algorithms reshape the cornea to correct refractive errors mostly based on axial length, therefore, adversely affecting corneal asphericity in myopia and hyperopia. 24, 25 In this study, there was no signifi cant correlation between ∆BSCVA and change in corneal asphericity or postoperative asphericity. This implies that although the Q value is different in various levels of preoperative refraction, it is not a determinant of postoperative BSCVA. As in previous reports, 26-29 a signifi cant increase in higher order aberrations after LASIK was found in this study. The mean higher order aberration/total wavefront aberration ratio increased from 9% preoperatively to 38% postoperatively. This suggests that increase in higher order aberrations has a low impact on the increase in BSCVA after LASIK. This fi nding is also supported by previous reports that could not demonstrate signifi cant effect of higher order aberrations on vision. 17, [30] [31] [32] [33] [34] One explanation may be that current methods of visual acuity measurements may not be sensitive enough to demonstrate the impact of higher order aberrations on visual acuity. Therefore, development of techniques of vision assessment and new metrics of higher order aberrations may better correlate with clinical measures of visual performance. 31, 35 Although there were signifi cant increases in higher order aberrations after surgery in all groups, the greatest increase was observed after hyperopic treatments, followed by high myopic treatments, moderate myopic treatments, and fi nally bitoric ablation treatments. Differences in higher order aberration induction among the groups can be explained by the change in asphericity: eyes treated with bitoric ablation correction had the best postoperative asphericity and least higher order aberration induction, followed by moderate myopia, high myopia, and hyperopia corrections. Previous studies have also reported greater changes in higher order aberrations in hyperopic treatments compared with myopic treatments. 28, 36 This greater induction of higher order aberrations in hyperopic treatments may be due to the steeper slope of the hyperopic ablation profi le with its three transition points, 37, 38 coupled with smaller transition zones, compared with the OATz and CATz myopia profi les that have only two transition points. The greater preponderance of angle kappa in the population with hyperopia makes laser centration diffi cult, which may also lead to greater induction of higher order aberrations. 39 A number of studies have reported that myopic or hyperopic LASIK induces spherical aberration in different directions. 25, 36, 40, 41 It has been proposed that the increase in BSCVA after refractive surgery in patients with myopic amblyopia is caused by minimization of spherical aberration. 6, 32 In the present study, total spherical aberration increased signifi cantly after myopic and hyperopic correction in eyes with amblyopia and healthy eyes. The greatest induction of spherical aberration was seen in the hyperopic treatments. The use of a large aspheric transition zone to effectively create a large treatment zone, which is the basis of both OATz and CATz treatments, was likely the cause of the reduced spherical aberration induction in myopic eyes. A signifi cant negative correlation was observed between the amount of BSCVA increase and total spherical aberration induction after LASIK. This suggests that total spherical aberration may have more of an impact on visual acuity than the other Zernike terms.
There were signifi cant increases in total coma in all groups. The induced coma had the greatest effect in increasing higher order aberrations after LASIK. Previous studies have also reported signifi cant coma induction after hyperopic and myopic LASIK. 36, 42 The increase in total coma in all ablation patterns irrespective of preoperative refractive error suggests that coma induction is due to a common factor. The creation of the lamellar fl ap or laser ablation itself could be the cause. No signifi cant correlation was found in the present study between BSCVA increase and ∆higher order aberrations or other Zernike terms (total trefoil, total tetrafoil, high order astigmatism).
In contrast to the current study, Sakatani et al 11 stated that amblyopic patients with myopia showed a statistically signifi cant improvement in postoperative BSCVA after LASIK. There are other reports that have proposed that BSCVA increase in amblyopia is seen more often in patients with myopia. 6, 19 Better correction of ametropia, elimination of aberrations occurring from the use of spectacles in myopia, and a real recovery from amblyopia were some of the reasons given for this BCSVA increase after myopic LASIK in patients with amblyopia. 6, 11, 12 However, these studies comprised predominantly patients with myopia with a limited number of patients with hyperopia and mixed astigmatism. Moreover, patients with strabismus, a confounding variable, were included in these studies.
In the current study, postoperative BSCVA was more likely to increase in mixed astigmatic corrections, followed by high myopic, moderate myopic, and hyperopic corrections. Better asphericity and less higher order aberration induction might explain a higher rate of BSCVA increase in patients after mixed astigmatic correction, and worse asphericity and higher higher order aberration induction might explain a lower rate of BSCVA increase after hyperopic correction observed in this study. Previous studies have reported that an increase in BSCVA is common after bitoric ablation. 1, 31 The BSCVA increase in these studies may be explained by the fact that spectacle correction for high astigmatism produces a larger distortion of the image than that caused by a lens that corrects for smaller degrees of astigmatism. 2 Previous reports indicate that patients with amblyopia may have reserve visual capacity that allows for the capability of increased vision after laser refractive surgery. 6, 11 However, the improvement in BSCVA observed in patients with and without amblyopia in this study suggests that both groups may have reserve visual capacity. In this study, no signifi cant difference was noted between patients with and those without amblyopia with regard to the change in corneal asphericity and pupil diameter, decrease in total wavefront aberrations, and induction of higher order aberrations and individual Zernike terms. This implies that the optical mechanism of the improved BSCVA increase observed after laser refractive surgery may be similar in both groups. Additional studies are needed to clarify whether this reserve visual capacity is predominantly optical or neurosensorial.
Caution should be taken when comparing the results of this study with those of other studies. The devices and techniques used in the various studies for the measurement of ocular aberrations are not identical. 43, 44 The NIDEK OPD-Scan is a relatively new method to detect optical refractive status and wavefront aberrations of the eye. A recent comparison of the OPD-Scan Increased BSCVA After LASIK/Erdem & Muftuoglu to other aberrometers found that the OPD-Scan produces similar results. 45, 46 Unlike Hartmann-Shack systems, the OPD-Scan uses dynamic retinoscopy to measure aberrations, which makes it unique for measuring the refractive power map over the entire central pupil and measuring highly aberrated eyes and for using signifi cantly more data points to obtain measurements. An additional advantage is that it provides pupillometry, corneal topography, autorefraction, and autokeratometry measurements all on the same axis. However, there is a relative paucity of studies investigating the accuracy and reliability of this instrument.
In the current study, the investigators evaluated the optical factors in eyes with increase in BSCVA after LASIK. These optical factors should also be compared with the results of refractive surgery without improvement in BSCVA. The present results should also be compared with the results of wavefront-guided laser refractive surgery. Previous studies reported that the rate of BSCVA increase after hyperopic correction is low. 47, 48 A relatively reduced rate of BSCVA increase after hyperopic correction was also found in this study.
In conclusion, the present study revealed that eyes with poorer preoperative BSCVA and higher myopia are more likely to have an improvement in BSCVA than eyes with better preoperative BSCVA and lower myopia. Although higher order aberrations seem to have a slight infl uence on the improved BSCVA, different higher order aberration induction patterns between patients treated for myopia, hyperopia, and mixed astigmatism may have an effect on the different rates of improved BSCVA in these groups. In the present study, bitoric ablations for mixed astigmatism were most likely to result in improved BSCVA, improved corneal asphericity, and less induced higher order aberration than myopic and hyperopic ablations. Hyperopic treatments were least likely to result in improved BSCVA and corneal asphericity and most likely to have induction of higher order aberrations of all the treatment groups. Patients with amblyopia were no more likely than those without amblyopia to have improved BSCVA after surgery. Additional studies should be undertaken to investigate the relationship between the optical properties of the eye and wavefront-guided treatment, and new measurement techniques to assess visual performance must be developed.
